Lifshitz critical point in the cuprate superconductor YBa 2 Cu 3 Oj / 
from high-field Hall effect measurements 
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The Hall coefficient 7?h of the cuprate superconductor YBa2Cu30 H was measured in magnetic 
fields up to 60 T for a hole concentration p from 0.078 to 0.152, in the underdoped regime. In fields 
large enough to suppress superconductivity, Ru(T) is seen to go from positive at high temperature 
to negative at low temperature, for p > 0.08. This change of sign is attributed to the emergence of 
an electron pocket in the Fermi surface at low temperature. At p < 0.08, the normal-state Ru(T) 
remains positive at all temperatures, increasing monotonically as T — > 0. We attribute the change 
of behaviour across p — 0.08 to a Lifshitz transition, namely a change in Fermi-surface topology 
occurring at a critical concentration p^ = 0.08, where the electron pocket vanishes. The loss of the 
high-mobility electron pocket across pl coincides with a ten-fold drop in the conductivity at low 
temperature, revealed in measurements of the electrical resistivity p at high fields, showing that 
the so-called metal-insulator crossover of cuprates is in fact driven by a Lifshitz transition. It also 
coincides with a jump in the in-plane anisotropy of p, showing that without its electron pocket the 
Fermi surface must have strong two-fold in-plane anisotropy. These findings are consistent with a 
Fermi-surface reconstruction caused by a unidirectional spin-density wave or stripe order. 



PACS numbers: 

I. INTRODUCTION 

The discovery of quantum oscillations in cuprates, first 
detected in the resistance of YBa2Cu30 y (YBCO) at a 
hole concentration (doping) p — 0.1 Op 1 revealed the pres- 
ence of a small closed pocket in the Fermi surface of these 
materials at low temperature, deep in the underdoped re- 
gion of the phase diagram. Observed in magnetic fields 
large enough to suppress superconductivity, the oscilla- 
tions were soon also detected in the magnetization}^ 
in all cases giving the same dominant frequency, corre- 
sponding to 2 % of the Brillouin zone area. Oscillations 
of a similar frequency were also observed in the stoichio- 
metric cuprate YBa2 CU4 Og J 4 -^ whose doping p ~ 0.14. 

The fact that the oscillations are observed in a metal- 
lic state characterized by a negative Hall coefficient indi- 
cated that the associated Fermi pocket is electron- like P 
This implies a qualitative change in the Fermi surface 
of hole-doped cuprates as a function of doping, from 
the large hole-like cylinder observed in the overdoped 
regimepEGSat p ~ 0.25, to the small electron-like pocket 
seen in the underdoped regime. There must therefore be 
a quantum critical point that separates these two distinct 
metallic states (at T — 0, in the absence of supercon- 
ductivity), at a doping p* somewhere between p ~ 0.25 
and p ~ 0.14. The standard mechanism for producing 
a small electron pocket out of a large hole surface is a 



reconstruction caused by the onset of a new periodicity 
that breaks the translational symmetry of the latticep^ 
as in the case of a density-wave orderp^HiS] b u t scenarios 
without broken translational symmetry also exist 

In this Article, we shed light on the nature and ori- 
gin of the Fermi-surface transformation by studying the 
temperature and doping evolution of the Hall coefficient 
and electrical resistivity of underdoped YBCO below p*. 
Our main finding is the disappearance of the electron 
pocket as the doping is reduced below a critical dop- 
ing pl = 0.08. This change in Fermi-surface topology, 
called a Lifshitz transition, marks a second T = critical 
point in the phase diagram of YBCO (distinct from the 
critical point at p*). We show that the loss of the high- 
mobility electron pocket coincides with a dramatic rise in 
the low-temperature resistivity, thereby elucidating the 
enigmatic metal-insulator crossover of cuprates! 18 * 19 * We 
show that the Lifshitz transition also coincides with an 
increase in the in-plane anisotropy of the resistivity,^ 
evidence that the remaining Fermi surface must have a 
strong two-fold in-plane anisotropy. This points to a uni- 
directional density-wave order as the underlying cause 
of reconstruction, consistent with the anisotropic incom- 
mensurate spin-density-wave order observ ed by neutron 
scattering at low temperature for p < 0.08P22H 

The Article is organized as follows. In sec. II, we de- 
scribe the samples studied and the measurement tech- 
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niques used. In sec. Ill, we present the Hall data and 
interpret them in terms of an electron pocket in the 
Fermi surface, whose characteristics and consequences 
are examined. In sec. IV, we present evidence that 
the electron pocket vanishes below p = 0.08, and show 
how this disappearance coincides with what has been 
called a 'metal-insulator' transition. In sec. V.A, we 
briefly review two scenarios of Fermi-surface reconstruc- 
tion: one due to commensurate antiferromagnetic or- 
der, applied to electron-doped cuprates, and one due 
to stripe order, applied to hole-doped cuprates such as 
La2- a; -j,Sr a ;Euj / Cu04 (Eu-LSCO). We then examine how 
the latter scenario applies to YBCO. In sec. V.B, we dis- 
cuss the relation between Fermi-surface reconstruction 
and the pseudogap phase. In sec. V.C, we show how 
superconductivity is weakened in the region of doping 
where the electron pocket is present in the Fermi sur- 
face. We summarize in sec. VI. 
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II. SAMPLES AND METHODS 

The eight samples used for measurements of the Hall 
coefficient i?H are uncut, unpolished, detwinned crystals 
of YBa2Cu30j, grown in a nonreactive BaZrC>3 crucible 
from high-purity starting materials.^ The oxygen atoms 
in the CuO chains were made to order into the stable 
superstructure specific to the given oxygen concentra- 
tion yP The main characteristics of those samples are 
listed in Table |T] The oxygen atoms in the sample with 
oxygen content y = 6.48 were first fully ordered in an 
ortho-II structure (I) , then disordered (II) and then par- 
tially re-ordered (III), thereby tuning the doping within 
one and the same crystal without changing the oxygen 
content, the impurity level or the dimensions. The two 
samples used for measurements of the in-plane electrical 
resistivity p a are uncut, unpolished, detwinned crystals 
of YBCO grown in yttria-stabilized zirconia crucibles. 
They had T c = 47 K and 62 K, giving p = 0.08 and 
0.11, respectively. In all cases, the electric current was 
applied along the a axis of the orthorhombic structure, 
perpendicular to the CuO chains which run along the b 
axis. The hole concentration (doping) p of all ten sam- 
ples was determined from the superconducting transition 
temperature T c j23 defined as the temperature where the 
resistance goes to zero. The uncertainty on T c is ±0.2 K. 
Typical sample dimensions are (20-50 /im) x (500-800 
fim) x (500-1000 /mi) [(thickness) x (width) x (length)]. 
Transport properties were measured via gold evaporated 
contacts in a six-contact geometry for the Hall resistance 
and diffused silver epoxy contacts in a four-contact geom- 
etry for the resistivity. The magnetic field B was applied 
along the c axis of the orthorhombic structure, perpen- 
dicular to the Cu02 planes. The samples with y = 6.67 
and y = 6.75 were measured in a steady magnetic field 
up to 45 T in the hybrid magnet at the NHMFL in Talla- 
hasee. All the other samples were measured in a pulsed 
magnetic field up to 50-60 T in a resistive magnet at 



FIG. 1: Hall coefficient R H of YBCO at T = 10 K as a 
function of magnetic field for three samples, with dopings p 
as indicated. Ru is negative for p = 0.120 and p = 0.097, 
as previously reported. By contrast, Ru is positive for p = 
0.078, pointing to a qualitative change in the Fermi surface 
across p ~ 0.08. 



the LNCMI in Toulouse. The sample with y — 6.75 was 
measured in both labs, yielding identical results. 
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(holes/Cu) 


6.45 


44.5 


0.078 


6.48 II 


49.5 


0.083 


6.48 III 51.0 


0.085 


6.48 I 


53.0 


0.088 


6.51 


57.3 


0.097 


6.54 


61.3 


0.108 


6.67 


66.0 


0.120 


6.75 


74.8 


0.132 


6.80 


77.9 


0.135 


6.86 


91.1 


0.152 



TABLE I: Main characteristics of the YBCO samples used for 
Hall effect measurements: the oxygen content y; the super- 
conducting transition temperature in zero magnetic field, T c ; 
the hole concentration (doping) p, obtained from T c p31 
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III. ELECTRON POCKET IN THE FERMI 
SURFACE 



A. Sign change in the Hall coefficient 



In Fig. [TJ the Hall coefficient of YBCO at T = 10 K is 
plotted as a function of magnetic field B for three dop- 
ings: p = 0.120, 0.097 and 0.078. The flux-flow regime 
(or vortex- liquid phase) starts approximately at B = 15, 
20 and 25 T, and ends approximately at B = 30, 45 and 
50 T, respectively. In the normal state beyond the flux- 
flow regime, i?H is seen to be positive at p = 0.078 but 
negative at p = 0.097 and 0.120, pointing to a qualitative 
change in the Fermi surface occuring between p ~ 0.08 
and p ~ 0.10. In Fig.|2j the normal-state Hall coefficient, 
measured at the highest field (between 45 and 60 T), is 
plotted as a function of temperature for several dopings. 
We see that Rh_(T) goes from positive at T = 100 K to 
negative as T — > 0, except for p = 0.078 where Rh(T) 
never changes sign and simply increases monotonically 
with decreasing temperature. 

As illustrated in Fig. 3 for the case of p — 0.12, the 
temperature dependence of i?n(T) can be described us- 
ing three characteristic temperatures: 1) To, the temper- 
ature at which Rh{T) changes sign; 2) T max , the tem- 
perature at which Rn(T) attains its maximal value; 3) 
Tjj, the temperature below which i?n(T) starts to show 
downward curvature (inflexion point). In Fig. 4, we plot 
these three characteristic temperatures vs doping. 

We see that T max and To both peak at p ~ 1/8. Below 
p = 0.12, To decreases monotonically (and linearly) to 
zero as p — » 0.08, whereas T max remains finite down to 
p = 0.083, and then drops suddenly to zero when the 
doping decreases slightly, to p = 0.078. By contrast, the 
onset of the downward curvature, Tjj, is relatively flat 
with doping, decreasing monotonically from ~ 160 K at 
p = 0.10 to ~ 120 K at p = 0.14. Note that T H is 
determined from published curves of i?H (T) P^l measured 
in low fields above T c ; at two dopings, we compare these 
with data taken in two of our samples, in low fields up 
to 200 K (Fig. 3). 

To summarize, we observe a drop in i?u(T) at all 
dopings from p = 0.083 to p = 0.152, inclusively. At 
p = 0.078, there is no drop down to the lowest temper- 
atures. Above p = 0.152, we cannot suppress supercon- 
ductivity entirely with a field of 60 T. However, mea- 
surements on a sample with T c = 93 K (y = 6.92; not 
shown) allow us to put an upper bound on T max , such 
that T max < 60 K at p = 0.161. Our findings are in good 
overall agreement with earlier low-field datap^HUl which 
show a clear peak (maximum) in i?n(T) for p ranging 
from 0.09 to 0.14, and no peak (above T c ) for p < 0.08 
or p > 0.16. 




FIG. 2: Hall coefficient of YBCO at nine different dopings p 
as indicated, normalized to its value at T = 100 K. The data 
is taken at the highest magnetic field B reached, as indicated. 
Top panel: p < 0.11. Bottom panel: p > 0.12. To marks the 
temperature at which Ru(T) changes sign. 



B. Evidence for an electron pocket 

A number of experimental observations combine to 
show that the negative i?H in YBCO is due to a small, 
closed, high-mobility electron pocket in the Fermi sur- 
face. Earlier measurements^ of i?n in a YBCO sample 
with T c ~ 60 K (p ~ 0.11) in fields up to 23 T revealed 
a sign change consistent with subsequent measurements 
in higher fields^ but they were interpreted at the time 
as coming from a negative flux-flow contribution to the 
Hall signal due to moving vortices Two facts now rule 
out this flux-flow interpretation. First, flux flow yields a 
contribution to the Hall resistance which is strongly non- 
linear in B, so that the Hall coefficient should depend 
strongly on magnetic field, and hence so should the sign- 
change temperature Tq. In YBCO at p = 0.12, this is not 
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FIG. 3: Temperature dependence of Rn, normalized to its 
value at 200 K, in YBCO at p ~ 0.12 (top) and p = 0.11 
(bottom). In order to have higher resolution and continuous 
temperature sweeps, data was taken on two of our samples 
(y = 6.67 and y = 6.54) in low field (15 T) up to 200 K. 
Top panel: the continuous (red) curve is our data on a sam- 
ple with T = 66 K (p = 0.12) at B = 15 T; the black dots 
are the data of ref. [35] for a sample (labelled y — 6.80) with 
T = 69 K (p = 0.125) at B = 14 T. The arrows indicate the 
position of the three characteristic temperatures that describe 
the temperature evolution of Rh(T): 1) To, the temperature 
at which Rh(T) changes sign; 2) r max , the temperature at 
which Rh(T) attains its maximal value; 3) Th, the tempera- 
ture below which Rn(T) starts to show downward curvature. 
Bottom panel: the continuous (red) curve is our data on a 
sample with T c = 60 K (p = 0.11) at B = 15 T; the black 
dots are the data of ref. [25] for a sample (labelled y = 6.70) 
with T c = 60 K (p = 0.11) at B = 14 T. T max and T H are 
defined as for the top panel. 



the case: To is entirely independent of B at all fields,^ as 
shown in the B-T phase diagram of Fig. 5. Secondly, the 
movement of vortices is readily detectable in the Nernst 
effect, to which it makes a large positive contribution. It 
has recently been shown that in YBCO at p = 0.12 the 
vortex Nernst signal at T > 9 K is negligible for fields 
greater than 30 Tp2l proving that the large negative -Rr- 
at low temperature seen at that doping does not come 
from flux flow. This is illustrated in Fig. 6, where we see 
that i?H vs B at T = 10 K does indeed saturate above 
30 T. So the negative i?n in YBCO is not a consequence 
of flux flow, but a property of the Fermi surface. 

The Fermi surface of YBCO at p = 0.10-0.11 is known 
to contain two small closed pockets (cylinders), respon- 
sible for the qua ntum o scillations seen below 10 K and 
above ~ 30 T P 3 ' 33 ' 34 ' The fact that quantum oscilla- 
tions in the longitudinal resistance R xx are out of phase 
with the oscillations in the transverse (Hall) resistance 
Rxy^ is direct evidence that the oscillations are due 
to electron-like carriers!^ The two oscillatory compo- 
nents have very similar frequencies (not resolved in the 




FIG. 4: Doping dependence of the three characteristic tem- 
peratures defined in Fig. 3: To (red squares), T max (blue cir- 
cles), and Th (triangles). These temperatures describe the 
evolution of _Rh (T) as it drops to negative values upon cool- 
ing. Th is where the downward deviation starts; it may be 
thought of as the onset of the Fermi-surface reconstruction 
that leads to the formation of the electron pocket. Our data 
(full triangles) are compared to published data (open trian- 
gles, from ref. I25p . The vertical (red) dashed line marks the 
critical doping p = pl = 0.08 below which no drop in Rn(T) 
is observed down to the lowest temperature. All other lines 
are a guide to the eye. 



first measurements^), near F ~ 500 tJ^EH correspond- 
ing to a carrier density n = T/$o — 0-04 per planar 
Cu atomP^ They also have similar mobilities (or Dingle 
temperatures) P2 The pair of Fermi cylinders has been 
associated with the pair of Cu02 planes (or bi-layer) 
in the unit cell of YBCO, with bi-layer coupling lifting 
the two-fold degeneracy and causing the two frequencies 
to be slightly split Each of these two pockets is ex- 
pected to make a comparable contribution to the Hall 
effect, of magnitude \Ra\ = 1/en ~ 30 mm 3 /C, assum- 
ing they are isotropic in the plane (circular). If both are 
electron-like, then i?n — —l/2en ~ — 15 mm 3 /C. This is 
roughly half the measured value of i?n — —28 mm 3 /C 
at p = 0.097 (see Fig. 1). The larger measured value 
may be evidence that the electron pocket is not circular 
but squarish, with angles whose higher curvature would 
enhance \Rn\ if scattering is anisotropic P 

The Seebeck coefficient S (or thermopower) provides 
a separate measure of the sign of charge carriers. Recent 
measurements in YBCO at p = 0.12 up to 28 T yield 
S/T = - 0.4 fiV KT 2 , in the normal state as T H> OP 
The negative sign confirms that the dominant carriers, 
i.e. those with the highest mobility, are electron- like. 

The magnitude of S in metals can be estimated approx- 
imately from the following expression, valid as T — > OP 
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FIG. 5: Field-temperature phase diagram of YBCO for p = 
0.12, obtained from transport measurements (see ref. l3l"T) . The 
solid vortex phase (where _Rh = p = 0) ends at B S (T) and 
the normal state is reached above B n (T), in the sense that 
flux-flow contributions to transport have become negligible. 
B a and B n are defined from resistance measurements (orange 
squares from 7? xy and solid circles from 7l xx ; see ref. |6j|. To is 
the temperature below which Ru changes sign from positive 
to negative. All lines are a guide to the eye. 



where fee is Boltzmann's constant, e is the electron 
charge, and Tp the Fermi temperature. The sign of S is 
controlled by the carrier type: positive for holes, negative 
for electrons. Eq. 1 can be used to check if the pocket 
seen in quantum oscillations is small enough to account 
for the large measured value of S/T. From the oscillation 
frequency F — 540±4 T and cyclotron mass m* = 1.76± 
0.07 mo, where mo is the bare electron mass, we obtain 
T F = (eh/k B )(F/m*) = 410 ± 20 K. From Eq. 1, this 
small value of Tp yields \S/T\ = 1.0 fiV K~ 2 . This shows 
that the Fermi pocket measured by quantum oscillations 
has a sufficiently small Fermi energy to account for the 
large negative thermopower at T — > 0, if it is an electron 
pocket. 

We conclude that quantum oscillations and the Hall 
and Sccbeck coefficients measured in YBCO near p ~ 0.1 
are quantitatively consistent with a small closed electron 
pocket in the Fermi surface (split into two pockets by bi- 
layer coupling). We emphasize that the electron-pocket 
state is not a field-induced state. Although previous au- 
thors have shown and stated that the drop in Rn(T) 
below T max in YBCO is independent of B^Sl it is worth 
stressing this point again. It has been shown that, for 
p = 0.12, Rh(T) crosses from positive to negative at the 
same temperature T = 70 K for all fields (as plotted in 
Fig. 5) (see Fig. Sib in the Supplementary Material of 
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FIG. 6: Field dependence of the Nernst coefficient (top panel; 
from ref. I32I T = 9 K), the Hall coefficient (middle panel; 
from ref. |5J) and the in-plane resistivity (bottom panel; from 
ref. El) of YBCO at p = 0.12 and T = 10 K. Above a threshold 
field of ~ 30 T (indicated by the vertical dotted red line on 
the right), the Nernst coefficient v/T (top panel; green curve) 
saturates to its negative quasiparticle value, as demonstrated 
by its derivative (top panel; black curve) which goes to zero 
as B — > 30 T. This saturation shows that the positive con- 
tribution to the Nernst coefficient from superconducting fluc- 
tuations has become negligible above ~ 30 T (for T > 9 K). 
Above this field, the Hall coefficient is almost flat (dashed 
blue line in middle panel) and the in-plane resistivity shows 
a linear magnetoresistance (dashed magenta line in bottom 
panel). We conclude that above ~ 30 T the flux-flow con- 
tribution to the transport properties of YBCO (at p — 0.12) 
is negligible, and the transport coefficients at high field are 
purely a property of the normal state. 



refP). Moreover, the effect of the field is simply to push 
superconductivity down to lower temperature. As B in- 
creases, a single S-independent Rn(T) curve is revealed. 
This proves that the field does not induce Fermi-surface 
reconstruction but it simply allows us to reveal it at tem- 
peratures below T c . In other words, the electron-pocket 
state at low temperature is a 'field-revealed' state. 
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C. Location of the electron pocket 

Because c-axis transport in cuprates is dominated by 
states that are located near the (n, 0) point (and equiv- 
alent points) in the Brillouin zonep^ measurements of 
the resistivity p c along the c-axis of the YBCO crys- 
tal structure provides information on the fc-space loca- 
tion of the conducting states on the Fermi surface. Re- 
cent measurements of c-axis transport on YBCO crys- 
tals with p ~ 0.11 reveal large quantum oscillations in p c 
vs B: u These oscillations arise from the same in-plane 
orbits that produce the quantum oscillati ons seen in ei- 
ther in-plane transport!^ or magnetizationf^ Their am- 
plitude is up to 50 % of the background resistance.^ 
Such large oscillations can only come from a Fermi sur- 
face pocket located at (n, 0), for it is those pockets which 
dominate the c-axis transport. We conclude that the 
small closed high-mobility electron pocket in the Fermi 
surface of YBCO is indeed located at this point in the 
Brillouin zone. (Note that the two split frequencies (near 
500 T) are both detected in p c , evidence that both are lo- 
cated near (ir,0).) This is consistent with scenarios that 
attribute the electron pocket to a reconstruction of the 
Fermi surface caused by an ordered state that breaks the 
translational symmetry of the lattice,^ as these invari- 
ably yield an electron pocket at (it, 0). This includes the 
stripe scenario^ discussed in section V. A. 

A different interpretation of the quantum oscillations 
measured in YBCO has recently been proposed in terms 
of a three-pocket scenario which neglects bi-layer split- 
ting and attributes the two closeby frequencies near 
F ~ 500 T to a small electron pocket at (tt, 0) and a 
small hole pocket at (tt/2, tt/2), plus an additional closed 
large hole pocket It is difficult to see how this sce- 
nario can be reconciled with the large negative Hall and 
Seebeck coefficients measured in YBCO at the same dop- 
ing. Given their similar carrier densities and mobilities,^ 
the two small pockets would necessarily make compara- 
ble contributions to i?H and S/T, but of opposite sign, 
thereby cancelling out, leaving the resulting coefficients 
to be dominated by the larger hole pocket, giving positive 
values, contrary to observation. 



D. Mobility of the electron pocket 

For the electron pocket to dominate the Hall and See- 
beck signals, its mobility at T — > must be much higher 
than that of the remaining sheets of the Fermi surface. 
An indication that this is indeed the case comes from a 
recent two-band analysis of the longitudinal and Hall re- 
sistances of YBa2Cu408 as a function of magnetic fieldP^ 
which are very similar to the longitudinal and Hall resis- 
tances of YBCO. 6 In a two-band model of one electron 
sheet (e) and one hole sheet (h), this analysis finds the 
conductivity of the electron pocket to be one order of 
magnitude larger than the hole conductivity at low tem- 
perature: a e ~ 10 <Th at T — > 0. (See Sec. IV. B for 



independent evidence that in YBCO the mobility of the 
electron pocket is also one order of magnitude higher than 
that of the other carriers.) 

The magnitude and sign of R^(T) depend on the rel- 
ative magnitude of the electron and hole mobilities. A 
change in the impurity scattering will in general alter the 
mobilities. Addition of Zn impurities at a fixed doping 
p ~ 0.11 makes the drop in Rn(T) shallower, and at high 
enough Zn concentration J?h (T) no longer extrapolates 
to a negative value a t T = 0p3 By contrast, Th is not 
affected by Zn dopingfsSH 

The other factor that will influence the temperature 
dependence of Rh{T) is inelastic scattering. The rapid 
rise in Rr(T) upon warming from T — 0, for example 
in the p = 0.12 data (Fig. 2), may be due to the fact 
that inelastic scattering in cuprates is strongest in the 
(tt, 0) direction,^ j. e . where the electron pocket is lo- 
cated. This could rapidly alter the balance of electron to 
hole mobilities in favour of a positive Hall coefficient, es- 
pecially as this anti-nodal scattering grows linearly with 
temperature, as does Rn(T). On the other hand, the 
rapid rise of Ru(T) at low temperature may also come 
from an increase in the conductivity of the other, hole- 
like parts of the Fermi surface, as found in the two-band 
analysis of YBa2Cu40s dataP^ 

In summary, the overall temperature dependence of 
Rn(T) between Th and T = is complex, and expected 
to be sample dependent. This is what we find comparing 
our data with earlier data on YBCO. In Fig. 3, we see 
that the data of ref. |55]on a sample with T c — 60 K, for 
example, gives T max ~ 115 K, while our sample with the 
same T c shows a peak at T max ~ 85 K. 



E. Consequences of the electron pocket 

1. Large magnetoresistance in p a and p c 

In a metal, the motion of charge carriers in a trans- 
verse magnetic field yields a positive orbital magnetore- 
sistance (MR) . This MR is small when the Fermi surface 
contains only one closed pocket, and zero if that pocket 
is isotropic. A standard mechanism for producing a large 
MR is the presence in the Fermi surface of one electron 
pocket and one (or more) hole pocket(s). The analysis 
of the longitudinal and Hall resistances of YBa2Cu40s 
mentioned above shows that a two-band model describes 
the data in detailP^ and does therefore account for the 
large MR in YBa2Cu40s. It is then natural to attribute 
the large positive MR seen in low-temperature high-field 
measurements of p a on YBCO at p = 0.10-0.12, very sim- 
ilar to that seen in YBa2Cu40gP to the known presence 
of the electron pocket in that range of doping, tempera- 
ture and field. 

In Fig. [7| we show p a vs B for our resistivity sample 
with p — 0.11. (Our data at p = 0.11 is very similar to 
previously published data on an underdoped YBCO crys- 
tal with T c = 57 K (p = 0.1). 43 ) Below 100 K, the MR is 
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FIG. 7: In-plane resistivity of YBCO as a function of mag- 
netic field B for two dopings, p = 0.08 (top) and p = 0.11 
(bottom), at temperatures as indicated. The isotherms at 
60 K show that the magnetoresistance (MR) is weak at 
p = 0.08 and strong at p — 0.11. Relative to p a (55 T), the 
strong, roughly linear positive MR at p — 0.11 (i.e. the slope 
of p a vs B at 55 T) grows with decreasing temperature. The 
dotted line in the bottom panel is a linear fit to the normal- 
state resistivity of the p — 0.11 sample at 10 K, whose ex- 
trapolation to T = gives a rough estimate of the MR-free 
resistivity p(0) , of order 5 pQ, cm at low temperature. 



nearly linear and it becomes strong at low temperature: 
at 10 K, p a doubles in going from 20 T to 55 T. 

The large, nearly linear MR seen in p a at p ~ 0.1 
(Fig. [7| is also seen in p c .^ In Fig. [8j we plot the c- 
axis MR of a YBCO sample with T c = 60 K (p = 0.11) 
using data from Ref. 0H where p c (0) is obtained from 
a linear extrapolation of p c (B) to B = 0. The MR is 
strong at low temperature: at 10 K, p c nearly doubles 
in going from 20 T to 60 T. Also plotted in Fig. [8] is the 
in-plane i?H (T) of YBCO at the same doping. We clearly 
observe that the MR in p c is negligible at 100 K and its 
gradual growth upon cooling tracks the drop in the in- 
plane i?H (T) . This close correlation between in-plane i?H 
and MR in p c is further confirmation that the electron 
pocket in the Fermi surface of YBCO is located at (tt, 
0), where it controls how much of the orbital MR in the 
in-plane transport is reflected in the c-axis conduction. 



2. Large and isotropic Nernst coefficient 

Much as the high-mobility electron pocket is respon- 
sible for the large (and negative) Hall and Secbeck co- 
efficients in the normal state of YBCO at T — > for 
p = 0.10-0.12, it is also responsible for the large quasi- 
particle Nernst coefficient 
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FIG. 8: c-axis magnetoresistance (MR) of YBCO at p = 0.11 
(red squares, left axis; from Ref. 1441 sample 2 with T c — 60 K), 
plotted as Ap c / p c , where Ap c = p c (50 T) — p c (0 T), and 
p c (0 T) is obtained from a linear extrapolation of p c (B) to 
B = 0. The in-plane Hall coefficient ife(T) of YBCO at the 
same doping is shown for comparison (blue circles, right axis; 
this work, sample with p = 0.108), normalized to its value 
at 100 K. The positive MR is seen to develop as the electron 
pocket emerges, as manifest in the drop of Rn(T) to negative 
values. 



The magnitude of the Nernst coefficient in metals may 
be estimated approximately from the following expres- 
sion, valid as T ->• OP 



I Hi ~ 71-2 m 



(2) 



where pi is the carrier mobility. (Note that the sign of 
v is difficult to predict.) This relation is found to hold 
within a factor two or so for a wide range of metalsP^I 

Using Tp = 410 K from quantum oscillations (see 
above), and pi = 0.033 T" 1 from the Hall angle yields 
a predicted value of \v/T\ = 9 nV/K 2 T, 32 compared 
to a value of vjT = -7 nV/K 2 T measured at T -> 
in YBCO at p = 0.12.021 This excellent agreement shows 
that the large, in this case negative, Nernst coefficient ob- 
served in the normal state of YBCO at low temperature 
is a consequence of the high-mobility electron pocket de- 
tected in quantum oscillations. This elucidates the hith- 
erto unexplained negative Nernst signal observed in ear- 
lier measurements on YBCO in the vicinity of p = 0.12P3 

Given that the electron pocket is a small closed pocket, 
we would expect the Nernst coefficient to be roughly 
isotropic in the plane, with v a ~ at T — > 0. This 
is indeed the found recently in measurements 

up to 28 T, in YBCO at p = 0.12. 47 Therefore, an- 
other consequence of the electron pocket forming below 
Tjj is to short-circuit the large in-plane anisotropy of the 
Nernst coefficient that characterizes the pseudogap phase 



at high temperature. § Specifically, the Nernst anisotropy 
ratio (ft, — v a )/{vb + v a ) grows as the temperature de- 
creases from T*, the pseudogap temperature (see sec- 
tion V.B), and then as soon as Rn(T) starts to drop, so 
does (i/b — v a ) I {vb + Va), both falling simultaneously from 
Tmax — 100 K down to the lowest measured temperature, 
where (v b - v a )/(v b + v a ) ~ 



IV. LIFSHITZ TRANSITION 
A. Disappearance of the electron pocket 

In YBCO at p = 0.078, i?H is positive at all temper- 
atures and simply increases monotonically as T — > 0. 
We therefore infer that there is no electron pocket in 
the Fermi surface at that doping. Note that quan- 
tum oscillations have only been observ ed at p > 0.08, 
namely in YBCO at p = 0.09 - 0.13jS l 3 ' 33 ' 49 ^l and in 
YBa2Cu40s!^ for which p ~ 0.14, a range of dopings 
which is strictly contained inside the T$ dome of Fig. 4. 
This implies that there must be a topological change in 
the Fermi surface of YBCO as the doping is decreased 
below a critical doping p = p^ = 0.08, a Lifshitz transi- 
tion at which the closed electron pocket disappears. The 
sudden drop in T max from - 40 K at p = 0.083-0.088 
down to zero at p — 0.078 (Fig. 4) is one manifestation 
of this transition. 

An immediate consequence of losing the electron 
pocket is a dramatic drop in magnetoresistance (MR) 
across p^. (In the two-band model mentioned abovepD 
the MR would go to zero once the electron pocket dis- 
appears.) In Fig. [7j we see that the strong MR at 
p = 0.11 becomes very weak at p < 0.08. For exam- 
ple, at T = 60 K, (dp/dB)(B/p) at 50 T is 10 % at 
p = 0.08, compared to 100 % at p = 0.11. Similarly, the 
large MR in p c at p = 0.11 also disappears when p drops 
to~0.08P 



B. 



'Metal-insulator' transition 



The disappearance of the high-mobility electron pocket 
should have a major impact on the conductivity. It does. 
In Fig. [9j the a-axis resistivity at B = 55 T of the two 
YBCO samples with p = 0.08 and p = 0.11 is plotted as a 
function of temperature. At p = 0.08, p(B — 55 T) shows 
a pronounced upturn below 50 K, giving a large value at 
T -> 0. At T = 0.4 K, p(B = 55 T) ~ 225 pQ cm. 
At p — 0.11, there is no such upturn and p(B = 55 T) 
~ 45 pfl cm at T -> 0. 

Moreover, because of the large MR at p = 0.11, p a 
measured in 55 T overestimates the intrinsic zero-field 
resistivity of the metal at low temperature, by at least 
a factor 2. In other words, the MR-free conductivity of 
YBCO drops by at least a factor 10 in going from p = 0.11 
to p = 0.08, in the normal state at T — >• 0. A rough 
estimate of the MR-free resistivity at T = 10 K may be 
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FIG. 9: Bottom panel: In-plane resistivity of YBCO as func- 
tion of temperature, measured in a magnetic field of 55 T 
(closed symbols), for p = 0.08 (blue dots) and p = 0.11 (red 
squares). The continuous (red) curve is the resistivity in zero 
field. The open (red) circles is the resistivity extrapolated to 
5 = using a linear fit to the normal-state p{B) of Fig.[7]and 
extrapolate the zero-field resistivity p(0), an estimate of the 
MR-free normal-state resistivity (see text). Top panel: data 
for p — 0.08 at B — 55 T plotted on a semi-log plot to zoom 
on the low-temperature region, where p a is seen to saturate 
as T 0, a signature of metallic behaviour. 



obtained by extrapolating the linear MR to B = 0, as 
shown by the dotted line in Fig. [7j This gives p(0) ~ 
5 p£l cm. A linear fit to the data of Fig. [7] for p = 0.11 
yields the extrapolated zero-field values p(0) plotted in 
Fig.[9j with p(0) ~ 5-10 ptt cm at T -> 0. Note that p(0) 
grows approximately as T 2 , the dependence expected of 
a Fermi liquid. 

The order-of-magnitude change in p(T — > 0, B — > 0) 
does not occur gradually, but suddenly, at p ~ 0.08. This 
can be seen by examining publis hed data on p a {T) in 
YBCO as a function of pF^In Fig. 10 we plot p a at T = 
100 K for dopings in the range 0.06 < p < 0.19. There is 
a sudden change in behaviour occurring between 0.08 and 
0.09, where p(100 K) jumps from a low, p-independent 
value above 0.09 to a high, strongly p-dependent value 
below 0.08. 



The fact that the Lifshitz transition is accompanied 
by a 10-fold increase in resistivity is direct evidence that 
the electron pocket has a conductivity roughly 10 times 
larger than the conductivity of the rest of the Fermi sur- 
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FIG. 10: Bottom panel: Doping evolution of the in-plane 
zero-field resistivity p a at T = 100 K, obtained from the 
data of ref. 1511 Top panel: Doping evolution of the in-plane 
anisotropy in the zero- field resistivity, p a /pt, measured at 
T = 100 K, relative to its value at 300 K; from ref. El The 
vertical (red) line at p — pl = 0.08 marks the location of 
the Lifshitz transition detected in the Hall data (Fig. 4). The 
resistivity is seen to undergo a sudden jump across pl, accom- 
panied by an enhancement of the in-plane a — b anisotropy. 



insulator transition caused by localization but a Lifshitz 
transition with an associated loss of conductivity. This 
would explain why the transition occurs at a value of 
the r esistanc e per plane which is one order of magnitude 
loweiPHEHH] than expected from the criterion for local- 
ization, kpl ~ 1, where kp is the Fermi wavevector and 
I the electronic mean free path. Note that the normal- 
state paiT) of YBCO at p < pl does not diverge but 
saturates as T — > (see top panel of Fig. 9), the signa- 
ture of metallic behaviour. 

In addition to that seen at Ph, a change in the con- 
ductivity is also expected at the main critical point p* , 
where the large Fermi surface of the overdoped regime 
first undergoes its reconstruction (in the absence of su- 
perconductivity). This region is not accessible in YBCO, 
but measurements in Nd-LSCO, for example, show that 
p(Q) increases by a factor 10 upon crossing p* = 0.235, go- 
ing from p a b ~ 25 p£l cm at p = 0.24 to p a b — 250 pfl cm 
at p = 0.20.^ In LSCO, the 'metal-insulator' crossover 
becomes apparent as an upturn in p(T) a t low temper- 
ature when p becomes less than 0.16 or so! 18 * 19 * In other 
words, the full evolution of the conductivity from p > p* 
to p < pl w iU occur in two or more stages as the Fermi- 
surface topology undergoes a sequence of changes (as 
sketched in Fig. 11). 

We emphasize that the Lifshitz critical point at T = 
in the non-superconducting state will in general not be 
located at the same doping in the superconducting state, 
because superconductivity is in general likely to compete 
with the ordered phase that causes the electron pocket to 
emerge (see, for example, ref.[53]). As a result, one should 
not expect changes in the normal-state Fermi surface at 
Pl (or p*) to be reflected in the properties of e?-wave 
quasiparticles deep in the superconducting state at the 
same doping. 



face, thereby explaining why it dominates the Hall and 
Seebeck coefficients (as discussed in sec. III.D). Within 
a stripe scenario (sec. V.A.2), the quasi-one-dimcnsional 
character of the Fermi surface sheets other than the elec- 
tron pocket could explain why they have such a low con- 
ductivity. 

The rapid decrease of p(T) upon warming from T = 
at p = 0.08 may be related to the rapid increase in Rn(T) 
at p > pl, in the following sense: if the hole-like parts of 
the Fermi surface are similar on both sides of pl , the fact 
that their conductivity grows rapidly with temperature 
would enhance their positive contribution to the overall 
Hall signal. This is consistent with the findings of the 
two-band analysis applied to YBa2Cu40s!^ 

Our data clearly links the sudden change in p a 
across pl to a change in the Fermi-surface topology of 
YBCO. More generally, we propose that the so-called 
'metal-insulator' crossover in cuprates, studied mostly 
in La2_sSr s Cu04 (LSCO) and Bi2Sr2- ;E La :I ;Cu06+<5 
(BSLCO)j 18 * 19 * 52 lis in fact triggered by a change in Fermi- 
surface topology. In other words, it is not a metal- 



V. DISCUSSION 

We saw that in YBCO the drop in Rh(T) and 
S/T upon cooling are signatures of the emergence of 
an electron pocket in the reconstructed Fermi sur- 
face. Similar signatures have been observed in several 
other ho le- dop ed cuprates. A drop in R^(T) is seen 
in LSCOfSSMl BSLCO,E3 La 2 _ a: Ba :c Cu04 (LBCOY™! 
La 2 -x-yST x Nd y Cu0 4 (Nd-LSCO),*' and Eu-LSCOPat 
p ~ 0.12, belo w T ~ 50-100 K, leading to a negative i?n 
is some casesP^l A lower electron mobility may explain 
why the otherwise similar drop is shallower in these ma- 
terials, since disorder scattering is thought to be stronger 
than in YBCO. A negative S/T is seen in LBCOj^l Nd- 
LSCOPand Eu-LSCO, at p ~ l/PWe conclude that 
the emergence of an electron pocket in the Fermi surface 
at low temperature is not a feature specific to YBCO 
(and YBa2Cu40s) but a general property of underdoped 
cuprates. In the next section, we investigate its possible 
origin. 
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FIG. 11: Schematic illustration of two scenarios of Fermi- 
surface reconstruction in cuprates (in the normal state at 
T = 0): commensurate antiferromagnetic order in electron- 
doped cuprates (top) stripe order in hole-doped cuprates 
(bottom) p31 a; is the electron doping, p the hole doping, x* 
and p* are the critical dopings for the onset of order (in the 
absence of superconductivity) and the associated breaking of 
translational symmetry. x\, and pl are the Lifshitz critical 
points where the reconstructed Fermi surface undergoes a 
change of topology: a loss of the small hole pocket in the for- 
mer; a loss of the small electron pocket in the latter. Closed 
blue pockets are hole-like; closed red pockets are electron-like; 
wavy blue lines are open Fermi surfaces. For p < p* , only the 
first quadrant of the square lattice Brillouin zone is shown. 



A. Origin of the electron pocket 

The existence of an electron pocket in the Fermi surface 
of a hole-doped cuprate implies that the large hole-like 
Fermi surface of the overdoped regime ^ 10 * 64 ! must un- 
dergo a fundamental transformation at a critical doping 
between p ~ 0.25 and p = 0.15, in the normal state at 
T = (once superconductivity is suppressed). A natural 
mechanism for such a transformation is a Fermi-surface 
reconstruction caused by the onset of some new periodic- 
ity due to an ordered phase that breaks the translational 
symmetry of the latticefEQ Some of the possible ordered 
phases include: commensurate antiferromagnetic order 
(AF)E2] commensurate d-density-wave order (dDW)P^ 
incommensurate spin-density- wave order (SDW)p^ and 
stripe orderjSl a form of uni directi onal SDW with an as- 
sociated charge-density wave!^^ 

In this section, we first sketch the AF and stripe 
scenarios and outline how the former applies to the 
electron-doped cuprates Pr 2 - a; Ce a ;Cu04 (PCCO) and 
Nd2- a; Ce a ;Cu04 (NCCO) and the latter applies to the 
hole-doped cuprates Nd-LSCO and Eu-LSCO. We then 
examine which of these scenarios of Fermi-surface recon- 
struction might apply to YBCO. 



1. Fermi- surf ace reconstruction by commensurate 
antiferromagnetic order in electron- doped cuprates 



Hall effect measurements in the electron-doped cuprate 
PCCO showed that the large hole-like Fermi surface of 
the overdoped regime is reconstructed below a critical 
electron doping x = x* = 0.165 ± 0.005.^ In the T = 
limit, i?H changes sign across x* , going from +1/(1 — x) 
above to — 1/x well below x* . The Seebeck coefficient 
exhibits the same evolution, with S/T at T — > going 
from small and positive at x > x*, to large and nega- 
tive at x < x*P^ The reconstructed Fermi surface must 
therefore contain a small electron pocket. 

The Hall data is well described by a scenario of band 
folding by an antiferromagnetic (AF) order with (7r,7r) 
wavevectorP^ This scenario predicts a two-stage evolu- 
tion of the Fermi surface, shown schematically in Fig. [TT] 
(top panel). Just below x*, the Fermi surface is expected 
to contain both an electron pocket around (±7r, 0) and 
(0, ±7r) and a smaller hole pocket around (±7r/2, ±7r/2). 
As the AF potential grows with x decreasing away 
from x* , the small hole pocket eventually disappears, 
at a Lifshitz critical point xl Because experimentally 
Rk(T — > 0) is negative just below x*, there is no sign 
change in Rn(T — > 0) across xl and it is therefore dif- 
ficult to pin down the Lifshitz critical point from Hall 
measurements . 



ARPES measurements^!!!!] n the closely-related ma- 
terial NCCO have seen the three Fermi-surface topologies 



sketched in Fig. 11 and are therefore fully consistent with 
the AF scenario. Quantum oscillations have also detected 
a large Fermi surface above x* and a small pocket below 
x*, attributed to the hole pocketful Long-range static an- 
tiferromagnetic order, with a commensurate wavevector 
Q = (w, 7r), was observed in NCCO with neutron scat- 
tering from x — up to x ~ 0.13P1 The fact that AF 
order appears to end at the onset of superconductivity 
(at x ~ 0.13) whereas the normal-state quantum criti- 
cal point seen in the Hall effect once superconductivity is 
suppressed with a magnetic field is located at x = 0.165 
may have to do with the competing effect of supercon- 
ductivity, which pushes AF order (in zero field) to lower 
dopmg.ESl 

All in all, there is little doubt that the Fermi surface 
of electron-doped cuprates undergoes a two-stage recon- 
struction at x* and xl due to commensurate AF orderP^ 
This Fermi-surface reconstruction is accompanied by an 
increase in the resistivity, just as it does in YBCO and 
Nd-LSCO. The in-plane resistivity p a (T) of PCCO goes 
from metallic-like at x > x* , with a low value at T — > 0, 
to an insulating- like resistivity at x < x* , with an up- 
turn at low temperature.^ The resistivity at T — > goes 
from po ~ 25 /ifi cm at x = 0.16 to pq ~ 175 p£l cm at 
x = 0.13,^ a seven-fold increase very similar to that ob- 
served in YBCO going fromp = 0.11 top = 0.08 (Fig. 8). 
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2. Fermi-surface reconstruction by stripe order in 
hole-doped cuprates 

In the hole-doped cuprates Nd-LSCO and Eu-LSCO, 
a form of slowly fluctuating combined spin-charge den- 
sity wave called 'stripe order' is detected by var ious e x- 
perimental probes, including: neutron diffractionj 75 ! 76 ! x- 
ray diffrationpZHZSI nuclear quadrupole resonancepSl and 
muon spin relaxationP The wavevector of the spin order 
is incommensurate, with Q — (ir, it + S). 

This stripe order sets in below a temperature which 
depends on the time scale of the probe. For example, x- 
ray diffraction yields an onset temp erature Tqo = 80 ± 
10 K in Eu-LSCO at p = 0. 125 ! fi H 22 ' Above p = 0.125, the 
onset temperature decre ases m onotonically with doping, 
and vanishes at p ~ 0.25PM1 

Transport measurements in Nd-LSCO show major 
changes across the quantum critical point where stripe 
order vanishes, and these can be used to pin down the 
location of the critical doping where Fe rmi-su rface re- 
construction occurs, at p* = 0.235 ± 0.005 P 1221 The Hall 
coefficient goes from a small positive value at p = 0.24, 
where Rn(T — > 0) = +1/(1 + p), consistent with a single 
large hole-like Fermi surface in the overdoped regime, to 
a large positive value at p = 0.20P As mentioned al- 
ready (in sec. IV. B), the in-plane normal-state resistivity 
Pah of Nd-LSCO at T — > undergoes a ten-fold increase 
between p = 0.24 and p = 0.20P Reminiscent of the 
'metal-insulator' transition across pl in YBCO, it is also 
a metal-to-metal transition, this time across p*. It was 
tracked in detail in measurements of /? C P 

Upon cooling, the Hall coefficient of Eu-LSCO at 
p = 0.125 undergoes a pronounced decrease below ~ 
100 K, 6 -. The onset of this drop is not sudden but 
smooth, and it coincides with the onset of stripe order de- 
tected by x-ray diffraction. This is compelling evidence 
that stripe order causes a Fermi-surface reconstruction 
in Eu-LSCO P In Eu-LSCO, the drop in R U (T) is not 
quite deep enough to make i?n go negative. However, 
the related drop in the Seebeck coefficient S does make 
S/T go deeply negative at T — > 0.^1 Similar drops are 
observed in i?n and S/T at p ~ 0.12 in the other two 
hole-doped cuprates that sh ow clear signa tures of stripe 
order, namely LBCd 58 | 59 | 62 J and Nd-LSCOP 7 ^ again co- 
incident with the onset of stripe order, at comparable 
temperatures (between 50 and 80 K). 

Hall measurements also reveal a drop in Rn(T) below 
T ~ 60 — 100 K in underdoped BSLCCPand LSCOpMI 
Neutron diffraction shows static SDW order in LSCO 
with the same waveve ctor (same incommensurability 5) 
as in Nd-LSCOPSU up to p ~ 0.13 in B = and 
up to higher doping in applied magnetic fields P^ At 
p = 0.12, NMR/NQR reveal identical signatures of stri pe 
order in LSCO as in Nd-LSCO and Eu-LSCOl WM3M1 
This strongly suggests that a form of stripe order very 
similar to that found in Nd-LSCO (and Eu-LSCO and 
LBCO) is responsible for a Fermi-surface reconstruction 
in LSCO. 



Calculations show that stripe order causes a recon- 
struction of the large hole-like Fermi surface into electron 
pockets and quasi-lD sheets, as sketched in Fig. 11, with 
the additional possibility of some small hole pocketsP 
The electron pocket is expected to disappear with un- 
derdoping, at a Lifshitz transition, either because the 
density-wave potential gets strongerP in which case the 
pocket gradually shrinks to nothing, or because the in- 
commensurability 5 gets smaller p2 in which case the 
pockets get closer and closer until they coalesce to form a 
new quasi-lD open Fermi surface (not drawn in Fig. 11). 
(In LSCO, S is known experimentally to decrease with 
underdoping below p ~ 1/sP) 



3. Fermi-surface reconstruction in YBCO 

The AF scenario that applies to electron-doped 
cuprates could in principle also apply to hole-doped 
cuprates, with the same Fermi-surface topology at high 
doping (large hole-like surface above p*) and intermedi- 
ate doping (small electron and hole pockets between j?l 
and p*), but with a different topology at low doping, 
where instead of having only a small electron pocket at 
(±7r,0) and (0, ±7r) the Fermi surface below pl would 
contain only small hole pockets at (±7r/2, ±7r/2) (see 
Fig. 11). The stripe scenario could also in principle apply 
to YBCO, as could the incommensurate SDW scenario. 

The first question is what type of order is actually ob- 
served in the relevant doping range. Commensurate AF 
order is observed up to p ~ 0.05, namely up to where 
the superconducting phase begins (on the underdoped 
side). Static incommensurate SDW order has been ob- 
served in YBCO with neutron scattering at p ~ 0.07 
(T c = 35 K) I2H22I At p > 0.07, no static SDW order is 
detected in zero field. But this could be due to the com- 
peting effect of the superconducting phaseP Whether 
SDW order would persist to higher doping in the pres- 
ence of a large field that sup press es superconductivity, as 
it does in the case of LSCO 1^1251 is not known yet for the 
case of YBCO, although a magnetic field does enhance 
the SDW moment at p ~ 0.07P 

The reported SDW order not only breaks the transla- 
tion^ symmetry but also the four-fold rotational symme- 
try of the Cu02 planesP We would therefore expect the 
Fermi-surface reconstruction caused by this SDW order 
to result in a Fermi surface with some two-fold in-plane 
anisotropy. Indeed, one way to distinguish between the 
AF (or dDW) scenario and the stripe (or unidirectional 
SDW) scenario, is to look for evidence of broken rota- 
tional symmetry. Here we mention two instances of such 
evidence. 

First, the in-plane resistivity of YBCO at p < 0.08 
is increasingly anisotropic at low temperature, reaching 
an anisotropy ratio p a /pb — 2 P This means that in the 
metallic state below the critical doping p^ = 0.08, the 
Fermi surface that remains after the electron pocket has 
disappeared must have two-fold anisotropy in the plane. 
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The presence of the high-mobility electron pocket 
above pl will short-circuit such in-plane anisotropy in 
the resistivity, just as it short-circuits the anisotropy in 
the Nernst signal at low temperature (see sec. III.E.2). 
This is precisely what is seen in published data on the 
doping dependence of the anisotropy ratiopH reproduced 
in the top panel of Fig. 10: p a / Pb jumps as p drops below 
Pl- Knowing now that a high- mobility electron pocket 
appears suddenly in the Fermi surface of YBCO above 
p = 0.08 explains why a large p a /pb is not seen near 
p = 1/8, where stripe order is normally expected to be 
most stable. 

A second evidence that the reconstructed Fermi sur- 
face of YBCO is anisotropic comes from measurements 
of the microwave conductivity a\ in the superconduct- 
ing state at low temperature.^ Whereas o\ is perfectly 
isotropic at high doping, with o\bl^\a = 1.0 below 30 
K at p = 0.18, it is strongly anisotropic at low doping, 
with <J lb /(j la = 3.5 below 30 K at p = 0.10. 93 (Note 
that CuO chains in the structure of YBCO cannot be 
responsible for this anisotropy because charge carriers in 
the highly imperfect quasi- ID chains localize at low tem- 
perature, especially in the underdoped regime.^ Note 
also that chains conduct much better at p — 0.18, where 
a b /cr a = 4.5 at 100 K,ESlthan they do at p = 0.10, where 
<Tb/a a ~ 1.0 at 100 KP) This implies that in the super- 
conducting state at B = Q the Fermi surface of YBCO 
(associated with the Cu02 planes) undergoes a transfor- 
mation that breaks its original rotational symmetry. The 
critical doping for this transformation, which we iden- 
tify with the reconstruction of the large hole-like Fermi 
surface of the overdoped regime, is somewhere between 
p = 0.10 and p = 0.18. It is most likely shifted down 
in doping relative to the normal-state critical point p*, 
as expected from the phase competition between SDW 
order and superconductivity!^ 3 -' 

Further support for a stripe scenario being relevant to 
YBCO comes from a detailed comparison between YBCO 
and Eu-LSCO. It has been showrP^that the Hall coeffi- 
cient drops in identical fashion in YBCO and Eu-LSCO 
at p = 0.12, at the very same temperature for the same 
doping. The same is true of the Seebeck coefficient, with 
S/T dropping in very similar fashion for both materials 
at that same doping, changing sign from positive to neg- 
ative at the same temperature.^! It is difficult to imagine 
that two different mechanisms would be responsible for 
such similar transport signatures of Fermi-surface recon- 
struction. 

In summary, a stripe scenario appears quite reasonable 
for YBCO: it can not only account for the appearance of 
an electron pocket in the Fermi surface below p*, a result 
of broken translational symmetry, and for its disappear- 
ance at plj due to a Lifshitz transition, it is also con- 
sistent with the evidence of broken rotational symmetry 
from neutron scattering,^ resistivitypSl and microwave 
conductivity.^ Of course, this assumes that stripe (or 
unidirectional SDW) order persists to dopings of order 
p ~ 0.2 in the absence of superconductivity. 




FIG. 12: Phase diagram of YBCO showing the superconduct- 
ing phase below T c (solid black line) and the antiferromagnetic 
phase below Tn (solid green line), both in zero magnetic field. 
The lines marked To (red squares and red line) and Th (trian- 
gles and black dashed line) are taken from Fig. 4. The dashed 
blue line marked T* is the boundary of the pseudogap phase, 
defined as the temperature below which the resistivity (blue 
circles) and the Nernst coefficient (blue squares) deviate from 
their high-temperature behaviour (taken from ref. 148)1 . The 
end of the T* line defines the quantum critical point where the 
large hole-like Fermi surface of the overdoped regime under- 
goes a reconstruction (in the absence of superconductivity). 
Here i t is ta ken to be at p ~ 0.24, the same location as in Nd- 
LSC q[64182| The red vertical ^shed u ne mar ks the Lifshitz 

critical point pl- AH other dashed lines are a guide to the 
eye. 



Whether the Lifshitz transition at j»l is due to an in- 
crease in the stripe potential or a decrease in the incom- 
mensurability <5 remains to be seen. Detailed measure- 
ments of the quantum oscillations in YBCO as pi, is ap- 
proached from above could help discriminate between the 
two mechanisms. It has been argued 9 -^ that the recently- 
reported increase in the cyclotron mass m* as p — > 0.08 
from above^l is consistent with a decrease in 8. 



B. Relation to the pseudogap phase 

If the first sign of a Fermi-surface modification is de- 
tectable in the Hall effect at a temperature Th, at what 
temperature T p is it detectable in the resistivity p(T)? At 
p = 0.12, where T H ~ 120 K (see Fig. [4), p a (T) is linear 
in temperature at high temperature and it starts to drop 



below T p ~ 220 K.^ The onset of this drop is a stan- 
dard definition of the temperature T* which delineates 
the pseudogap phasePS It was recently found that the 
quasiparticle Nernst coefficient v(T) also starts deviating 
from its high-temperature beh aviour at the sa me tem- 



perature, so that T u ~T p = T*PEH i n Fig. fl2l a phase 



diagram shows how T v and T p evolve with p in YBCO, 
tracing out the pseudogap phase boundary. In the dop- 
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ing range where i?n shows a drop, and hence Th c an be 
defined, we see that T* ~ 2 Th, as noted previously! 28 * 29 ^ 
That the resistivity and the Nernst coefficient detect 
changes in electronic behaviour before they are visible 
in the Hall or Seebeck coefficients may have to do with 
the fact that the former two transport coefficients are di- 
rectly sensitive to the scattering rate whereas the latter 
two are not, at least in the case of a single Fermi surface. 
So the full process of reconstructing the Fermi surface, 
as it unfolds with decreasing temperature, may start at 
T* with a fc-dependent change in the scattering before it 
gives birth to an electron pocket below Th, produced by 
a folding of the Brillouin zone due to the broken transla- 
tional symmetry. 

A similar two-stage process is observed in Nd- LSCO 
and Eu-LSCO, whereby T v = T p ~ 2 Too) 61 ' 83 ' 95 ' where 
Tco is the onset temperature for stripe order as detected 
by either x-ray diffraction or nuclear quadrupolar res- 
onance, which coincides with the anomalies in the Hall 
and Seebeck coefficients I 47 ' 61 ' 64 ' 83 ' This suggests that the 
pseudogap phase below T* is a high-temperature precur- 
sor of the stripe order that sets in at a lower tempera- 
ture. Measurements of the Nernst effect in YBCO sup- 
port this interpretation in the sense that the Nernst co- 
efficient v(T) acquires a strong in-plane anisotropy upon 
entry into the pseudogap phase, starting at T v = T* and 
rising with decreasing temperature, reaching values as 
high as Vfj/ua ~ 7 at p = 0.12™ An interpretation of the 
pseudogap phase in hole-doped cuprates as a precursor 
region of stripe (or SDW) fluctuations is analogous to the 
interpetation of the pseudogap phase in electron-doped 
cuprates,^ where T* is found to be the temperature be- 
low which the antiferromagnetic correlation length ex- 
ceeds the thermal de Broglie wavelength of the charge 



1 

8 



carriers 



C. Relation to superconductivity 

It is interesting to consider whether the evolution of the 
Fermi surface has any impact on the superconductivity. 
A first observation is that Tjj(p), which we may regard 
as the onset of Fermi-surface reconstruction, crosses the 
T c (p) line where T c is maximal (Fig.|l~2"|). In other words, 
in the overdoped region, T c rises with underdoping up 
until the Fermi surface of the normal state, out of which 
superconductivity emerges, reconstructs. Superconduc- 
tivity appears to be weakened by this reconstruction. 

It is well known that in hole-doped cuprates there is an 
anomalous weakening of superconductivity near p = 1/8, 
whereby T c drops below the idealized parabolic depen- 
dence on doping. This is shown in Fig. [13] for YBCO. 
The difference between the measured T c a nd the ideal- 
ized T c , AT C = T c -T c °, is plotted in Fig. [l| (from ref.|2^. 
We see that AT C , the amount by which T c is suppressed, 
is largest at p = 1/8 (T c = 69 K). This T c dip at p = 1/8, 
also seen in LSCO, LBCO, and Nd-LSCO is attributed 
to the competing effect of stripe order, made more stable 
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FIG. 13: Top panel: Phase diagram of YBCO, showing the 
zero-field superconducting transition temperature T c (black 
diamonds) as a function of doping (from ref. I24p and the re- 
sistive upper critical field B n at T = 10 K (white diamonds), 
marking the end of the superconducting transition as a func- 
tion of field (see Figs. 1, 5 and 6). The dark grey region shows 
the missing area relative to an idealized parabolic variation 
of T c vs p. The sign-change temperature To, obtained once 
superconductivity is suppressed by a magnetic field, is also 
shown (red squares). Bottom panel: Comparison of the dip 
in T c , AT C (black diamonds, left axis; from ref. I24[). defined 
as the suppression of T c relative to its idealized parabolic de- 
pendence (see top panel), with the sign-change temperature 
To (red squares, right axis; from Fig. 4). All lines are a guide 
to the eye. 



by a commensurate locking with the lattice when p = 5. 
This is compelling evidence that stripe order, or at least 
stripe correlations, are present in YBCO. Similarly, the 
fact that To - a marker of Fermi-surface reconstruction 
- peaks at p = 1/8 (Fig. 13) also suggests that Fermi- 
surface reconstruction is caused by stripe order. It is 
intriguing that AT C is directly proportional to To (see 
bottom panel of Fig. 13). Below p = 0.12, AT C and T 
scale perfectly, both vanishing as p — > p^. It appears as 
though T c is suppressed by a more prominent electron 
pocket. 

While the zero-field T c vs p curve shows a small de- 
pression at p = 1/8, producing the well-known 60-K 



14 



plateau, the resistive upper critical field B n shows a pro- 
nounced minimum at p = 1/8. From Fig. [lj we see that 
B n ~ 50 T at p = 0.078, larger than it is at p = 0.12, 
where B n ~ 30 T. This is surprising since T c is con- 
siderably lower at p = 0.078 (45 K) than at p = 0.12 
(66 K). Above p = 1/8, B n rises again, with B n ~ 50 T 
at p = 0.152 and B n > 60 T at p = 0.16 (see Fig. 13). 
This again points to stripe order. 

It remains to be seen whether the onset of supercon- 
ductivity is directly affected by changes in the Fermi sur- 
face or whether both changes are instead driven by an 
underlying competition between stripe order, say, and d- 
wave superconducting order, with the former being pos- 
sibly stabilized at p ~ 1/8 by a commensurate locking of 
the spin/charge modulation with the lattice. 

VI. SUMMARY 

Measurements of the Hall coefficient i?H in YBCO per- 
formed in magnetic fields large enough to suppress super- 
conductivity reveal that the normal-state i?H is negative 
at T — >• in a range of doping from p = 0.083 to at 
least p = 0.152, in the underdoped region of the phase 
diagram. The negative Rn is attributed to the presence 
of a high-mobility electron pocket in the Fermi surface 
of underdoped YBCO at low temperature, located at the 
(ir,0) point in the Brillouin zone and responsible for the 
quantum oscillati ons observed in the in-plane transport P 
the magnetization^ 3 -' and the c-axis resistivity!^ 

We attribute the sudden change in i?u at T 4 
from negative to positive as the doping is reduced be- 
low p = 0.08 to a change in Fermi-surface topology, or 
Lifshitz transition, whereby the electron pocket disap- 
pears below a critical doping p^ = 0.08. The loss of the 
high-mobility electron pocket explains a number of pre- 



vious observations, including: 1) the sudden increase in 
resistivity across pl, referred to as a 'metal-insulator' 
transition; 2) the qualitative change in the c-axis resis- 
tivity across plP^3) the sudden increase in the in-plane 
anisotropy p a /pb across pl-^ 

The natural explanation for an electron pocket at (tt, 0) 
is a Fermi-surface reconstruction caused by an ordered 
state that breaks translational symmetry. From the em- 
pirical fact that similar signatures of an electron pocket 
are observed in the Hall and Seebeck coefficients of a 
number of hole-doped cuprates, in particular some where 
stripe order i s clearly the cause of the Fermi-surface 
reconstruction,^* 83 * 95 ! we infer that a similar type of 
stripe order, or undirectional spin-density-wave order, is 
also at play in YBCO. 

A model of Fermi-surface reconstruction by stripe 
ordefS can account not only for the presence of an elec- 
tron pocket at (ir, 0) but also for its loss across a Lifshitz 
transition,^ a natural consequence of increasing either 
the stripe potential or the stripe period. The Fermi sur- 
face that remains is made of quasi- ID open sheets, from 
which a strong in-plane anisotropy of transport is ex- 
pected, as seen. 
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